Abstract. European food-deceptive orchids generally flower early in spring and rely on naı¨ve pollinators for their reproduction. Some species however, flower later in the summer, when many other rewarding plants species are also in bloom. In dense flowering communities, deceptive orchids may suffer from competition for pollinator resources, or might alternatively benefit from higher community attractiveness. We investigated the pollination strategy of the deceptive species Traunsteinera globosa, and more specifically whether it benefited from the presence of coflowering rewarding species. We carried out a population survey to quantify the density and reproductive success of the orchid as well as the density of all coflowering species. Our results suggest that the deceptive orchid not only benefited from the presence of coflowering species, but that interestingly the density of the species Trifolium pratense was significantly positively correlated with the orchid's reproductive success. This species might simply act as a magnet species attracting pollinators near T. globosa, or could influence the orchid reproductive fitness through a more species-specific interaction. We propose that morphological or colour similarities between the two species should be investigated in more detail to decipher this pollination facilitation effect.
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Introduction
In animal pollinated plants, indirect interaction between plant species can take place if they share a common pollinator resource (Waser and Real 1979, Callaway 1995) . Competition for pollination occurs if pollinator sharing leads to a reduction in pollination success for at least one of the species in the community considered, and can happen for example, when reward is not equal among interacting species (Laverty 1992) , or when interspecific pollen transfer occurs (Rathcke 1983 ), causing stigma clogging or pollen discounting (Campbell 1985) . Alternatively, these interactions can be positive when a species increases its fitness by flowering close to one or several other blooming species. Pollination facilitation may occur through two main mechanisms (Moeller 2004) . First, plants flowering simultaneously in a community may collectively attract more pollinator because of a larger general floral display (Moeller 2004) or a greater floral diversity (Fontaine et al. 2006 , Ghazoul 2006 . Second, the co-occurrence of several flowering plant species in a community can maintain pollinators for a longer time (Moeller 2004 ). However, relatively few studies have demonstrated pollination facilitation to date, and the fitness consequences of pollinator sharing between interacting species can seldom be predicted.
One specific situation where pollination facilitation is likely to be of high importance is when deceptive orchids are involved. These species do not provide a nectar or pollen reward to their pollinators (Dafni 1987) , and mostly rely on the innate behaviour of foraging insects for their reproduction (''generalized food deception'': Nilsson 1992 , Jersa´kova´et al. 2006 ). This deceit pollination strategy occurs in about one third of orchid species, and has received considerable attention for over a century (Sprengel 1793 , Darwin 1862 . Because insect pollinators can learn to discriminate between rewarding and rewardless species, and as a consequence to shortly avoid them, fooddeceptive orchids often have a lower reproductive success compared to their rewarding relatives (Neiland and Wilcock 1998) . Deceptive orchid species should in general benefit from the proximity of rewarding species, by attracting and maintaining pollinator population in the community (the ''magnet species effect'': Thomson 1978) . Moreover, it is expected that the reproductive success of a deceptive species in a natural community should be positively correlated with the density of rewarding magnet species (Ferdy et al. 1998 , Johnson et al. 2003 .
However, results are still puzzling and more studies to generalize about the importance of coflowering species for deceptive orchids reproductive success are needed. For example, Johnson et al. (2003) found a positive relationship between the reproductive success of Orchis morio and the density of surrounding nectar producing species, indicating pollination facilitation, while Alexandersson and Å gren's (1996) study of Calypso bulbosa found this relationship in only one out of three years. Oppositely, Lammi and Kuitunen (1995) found a negative effect of experimentally added rewarding Viola sp. to natural stands of Dactylorhiza incarnata.
The present study is focused on Traunsteinera globosa, a rewardless orchid that flowers in Alpine meadows, synchronously with numerous rewarding plant species. Our aim is to test the impact of coflowering species on the orchid's reproductive success, and to see whether pollination facilitation occurs in natural populations. If so, we expect a positive relationship between coflowering species' density and orchid reproductive success (Johnson et al. 2003) .
Similarly, we expect a negative relationship between deceptive orchid density and its reproductive success (Alexandersson and Å gren 1996) as a consequence of pollinator's learning ability to avoid deceptive species, or of a general decrease of the community profitability. We used a large population survey to explore these hypotheses.
Materials and methods
Study species. Traunsteinera globosa (L.) Reichenbach is a European terrestrial orchid, growing typically in Alpine meadows from mid-June to the end of July, from 1000 to 2500 m in altitude. Its general appearance is a long stem, varying from 15 to 80 cm (mean ± SD: 35.6 ± 8.4 cm, N=2087), with a single globe-like inflorescence of up to 200 flowers (mean ± SD: 51.6 ± 19.6, N=2087). Each flower is less than 1 cm long, with a short and nectarless spur, displaying light to bright pink petals often blurred with dark pink dots. Data on pollinators are very scarce; Vo¨th (1994) reported visits of Lepidoptera, Coleoptera, Diptera and Hymenoptera on T. globosa flowers, but with no mention of effective pollination. Dafni (1987) observed Syrphid flies on T. globosa. The fly Empis livida have been also observed to visit sequentially many T. globosa plants in a Swiss population but without noticeable pollinia removal from flowers (L.D.B. Gigord, personal observation).
Study sites. In the summer 2003, we studied 26 populations distributed across Western Switzerland. These populations were located in two mountain ranges, the Jura and the Alps, covering an area of 100 by 200 km. In each population, we set up a rectangle of 50·30m in which we counted, mapped and measured inflorescence height of all flowering T. globosa individuals. In a randomly selected row of 5·50 m within each rectangle, we counted all co-occurring flowers or inflorescences, depending on the species, to obtain estimates of coflowering species' densities. Approximately four weeks later, we recorded fruit set for each orchid plant (number of fruit produced divided by the total number of flowers) as a measure of reproductive success. This time lapse appeared to be sufficient to unambiguously detect any fruit formation. The ability for spontaneous autogamy was tested on six plants from three populations in 2002 and 12 plants from one population in 2003, by covering tested plants with a fine insect-proof netting bag during the entire flowering season.
Statistical analysis. In a first analysis, we tested if individual reproductive success was linked to flower number and inflorescence height, as observed in other orchid species (Nilsson 1980, Gumbert and Kunze 2001) . As these two measures were highly correlated (correlation coefficient = 0.63, Pearson's t = 37.10, p < 0.001), we retained inflorescence height for subsequent analysis as the more correlated to fruit set.
Second, we used a generalized linear model (GLM) to explore the relationship between T. globosa fruit set (response variable) and population altitude, T. globosa density, coflowering species density and species richness. We applied a backward stepwise model selection to obtain the final model, with significance of term and overall AIC as criterion for model selection.
In the 26 sampled populations, we recorded overall 104 species coflowering with T. globosa (mean per population ± SD: 25.08 ± 4.72). For each species present in more than two populations, we estimated the relationship between its density and T. globosa reproductive success using regression analysis. When a regression was found to be significant, we added this species density as an explanatory variable in a new GLM to measure its significance. We used the same simplification method as above. We used the R 2.0.1 statistical software for all analyses (R Development Core Team 2004).
Results
Covered plants did not produce any fruit neither in 2002 nor in 2003, indicating a complete dependence on pollinators to achieve its reproduction. In the sampled populations, T. globosa individuals presented a high overall proportion of fruit set: 0.56 ± 0.21 (mean ± SD, N=2087). The average number of fruits per plant, and thus the number of effective visits to individual flowers was high: 29.5 ± 17.3 (mean ± SD, N=2087). At the population level, mean fruit set was 0.53 ± 0.11 (mean ± SD, N=26), and differed significantly among populations (Kruskal rank sum test, W=489.97, df=25, p < 0.001). There was a significant (F 1,2077 = 83.6, p < 2·10 )16 ) but faint (r 2 =0.03) positive linear relationship between T. globosa fruit set and inflorescence height. To correct for this relationship, we used in the following analysis the populationaveraged residuals of the regression between orchid fruit set and inflorescence height as the response variable, instead of mean population fruit set.
Our GLM indicated that T. globosa fruit set was highly positively correlated with altitude and coflowering species density (Table 1a ). The two other variables (namely T. globosa density and community richness) showed a positive yet not significant influence on T. globosa fruit set and were removed through model simplification.
In the linear regression analysis, both Geranium sylvaticum and Trifolium pratense densities had a significant effect on T. globosa reproductive success. Geranium sylvaticum, which was present in 14 populations, had a negative effect on T. globosa reproductive success (slope = )0.516, F 1,12 = 7.0, p = 0.021, r 2 = 0.316). The density of G. sylvaticum was low (mean ± SD: 0.073 ± 0.128) and represented only a small fraction of all the coflowering species (mean ± SD: 1.065% ± 3.041%, median = 0.072%). Conversely, the density of T. pratense was positively linked to T. globosa reproductive success (slope = 0.03842, F 1,24 = 12.8, p = 0.0015, r 2 = 0.321). Trifolium pratense occurred in all the populations in much higher density (1.953 ± 1.816, median = 1.79) which represented 12.757% ± 10.805% of all coflowering species (median = 9.810). Geranium sylvaticum density effect was not significant when included in a new GLM and was thus eliminated through model simplification. Oppositely, the effect of T. pratense density remained highly significant after GLM simplification (Table 1b) .
Discussion
In this study, we show that T. globosa reproductive success is positively correlated with the density of nectar-producing coflowering species. This finding is in accordance with the magnet species hypothesis (Thompson 1978) : the orchid benefits from greater pollinator abundance in the vicinity of nectar producing plants. This pollination facilitation pattern has been found in other deceptive species (Pellmyr 1986 , Laverty 1992 , Alexandersson and Å gren 1996 , Johnson et al. 2003 . Our study also showed that T. globosa reproductive success was positively correlated with altitude (Table 1a) . This pattern might be due to a greater pollinator abundance or diversity in high altitude populations, although the opposite trend was more often described (Kalin Arroyo et al. 1982) . It might also reflect hidden effects related to altitude such as, for instance, vegetation cover (wooded pastures vs. alpine meadows at low and high altitude respectively) or flowering time (mid-June to the end of July, Juillet et al., personal observations).
Contrarily to the prediction and other published studies (Alexandersson and Å gren 1996, Gumbert and Kunze 2001) , our results ) and diverse (25.08 ± 4.72 species per quadrat) in Alpine meadows. Other studies that found such a detrimental effect of population density on reproductive success often reported results from orchid species that flower earlier in a relatively poor blooming background (Dafni 1983 , Johnson et al. 2003 . In our populations, the relative density of T. globosa compared to that of coflowering species was 5.2·10
)3 ± 5.3·10 )3 (i.e. 5.2 orchid for 1000 flowers), which highly contrasts, for instance, with that of the food deceptive Dactylorhiza sambucina that flowers earlier in similar habitats (relative density: 1.02 ± 1.55 (similar density of orchid and coflowering species, Gigord et al., unpublished data) .
Among all coflowering species, did any particular species have an influence on T. globosa reproductive success? It has been proposed that T. globosa is a mimic of the nectar producing species Scabiosa columbaria L. (Dipsacaceae), Knautia sylvatica L. (Dipsacaceae) and/or Valeriana montana L. (Valerianaceae) (Van der Cingel 1995 and references therein). This assumption was probably a result of the particular globular architecture of T. globosa inflorescences and the apparent corolla colour similarity among these four species (at least to human eyes), and was however never investigated. Our data suggest that this hypothesis is unlikely for several reasons. First, Knautia sylvatica was never found in our populations. Second, we found S. lucida instead of S. columbaria (very similar in floral morphology and colour) and it had a flowering peak after that of T. globosa. Third, S. lucida and V. montana were found in less than half of all the sampled populations. These distribution and phenological considerations did not fit with theoretical expectation regarding model and mimic co-occurrence. Finally, the density of these potential model species showed no relationship with T. globosa reproductive success, contrarily to what is expected in this type of mimicry systems (Roy and Widmer 1999) .
Interestingly, Trifolium pratense density correlated positively with T. globosa reproductive success (Table 1b) . This species was present at high density in the majority of populations, representing on average 13% of all coflowering species individuals. Also, this species is similar to T. globosa for inflorescence shape and, according to a bee colour-vision model (COC model, Vorobyev and Brandt 1997) , both species are identical for corolla colour (Juillet et al. unpublished data) , and this similarity should be extended to Hymenoptera and other insects with similar colour perceptions (Chittka et al. 1992 ). Trifolium pratense is mostly pollinated by Hymenoptera (bees and bumblebees) and Lepidoptera (personal observation), and either future direct observations of individual pollinator or indirect examination of interspecific pollen transfer (Rathcke 1983) would reveal if T. globosa and T. pratense actually share pollinator individuals.
Trifolium pratense can act as a magnet species that draws or maintains pollinator populations in the community, and T. globosa would then benefit in turn from their greater local abundance. However, it is possible that the corolla colour similarity with the orchid (if confirmed for insects other than bees) with the orchid is sufficient to confuse its pollinators, ensuring the reproduction of the deceptive orchid. This kind of non-specific mimicry effect has recently gained some support from both natural population (Orchis boryi, Gumbert and Kunze 2001) and experimental studies (Dactylorhiza sambucina, Gigord et al. 2002) . Ultimately, T. pratense might be viewed as a potential new species-specific model for T. globosa. To test for a potential adaptive significance of the similarity between these two species, both manipulative experiments and behavioural tests (Johnson 2000, Anderson and should be performed.
Could the observed relationship between T. pratense density and T. globosa reproductive success reflect facilitation other than for pollination? It can be proposed that T. pratense actually facilitates T. globosa (likewise other coflowering species) by increasing resource availability in the community through root-Rhizobium nitrogen fixation (Tate 2000) . Such a facilitation for resource could explain the correlation found if setting fruit is resource-limited rather than pollination-limited, which is generally not the case in deceptive orchids (Neiland and Wilcock 1998, Tremblay et al. 2005) . We propose thus that pollination facilitation is more likely to be the explanation for the observed relationship between T. globosa reproductive success and T. pratense density.
In a large-scale population survey, we showed that the density of all species that flower synchronously with T. globosa positively influenced the orchid's reproductive success. Because this orchid species relies on animal pollination to set seeds, a facilitative effect should reflect greater pollinator abundance in dense plant communities. Among these coflowering species, Trifolium pratense had the higher mean density and was present in all the studied populations. Moreover, its density showed a strong positive effect on T. globosa reproductive success, suggesting that this species might be a key explanation to the comparatively high pollination success of T. globosa. An interesting perspective will be to experimentally test by which mechanism(s) coflowering species, and particularly T. pratense, facilitates the pollination success of T. globosa.
